ABSTRACT IRX14 and IRX14-LIKE (IRX14L) are two closely related glycosyl transferases in the glycosyl transferase 43 (GT43) family of Arabidopsis. A T-DNA insertion mutant for IRX14 results in comparatively minor changes, such as irregular xylem, while a mutation for IRX14L results in no changes. However, an irx14 and irx14L double mutant severely affects growth and development, with the dwarf plants failing to produce an inflorescence stem. Plants that are homozygous for IRX14 but heterozygous for IRX14L (irx14 irx14L(6)) exhibit an intermediate phenotype, including noticeably smaller leaves, stems, and underdeveloped siliques. Additionally, the T-DNA insertion mutant for IRX14 was found to result in a drought-tolerant phenotype. Carbohydrate analysis of total cell wall extracts revealed a reduction in xylose for the irx14 and irx14 irx14L(6) mutants, consistent with a defect in glucuronoxylan biosynthesis. Immunolocalization of xylan with the LM10 antibody revealed a loss of xylan in irx14 mutants and a further reduction in the irx14 irx14L(6) mutants. IRX14L likely functions redundantly with IRX14 in glucuronoxylan biosynthesis, with IRX14 having a more important role in the process.
INTRODUCTION
Glucuronoxylan (GX), along with cellulose and lignin, is one of the major components of secondary cell walls. While the biosynthesis of cellulose and lignin is now relatively well understood, only recently have the enzymes involved in GX biosynthesis begun to be identified. Identifying all the enzymes involved is critical in order to have a complete understanding of GX biosynthesis and to manipulate plants for superior wood or biofuel production. The CAZy database (www.cazy.org) currently lists over 450 glycosyl transferases divided into 41 different families for Arabidopsis thaliana alone (Cantarel et al., 2009 ). Many of these enzymes currently have no known function and few have been biochemically characterized.
GX consists of a b-(1-4)-xylan backbone substituted with a-D-glucuronic acid (GlcA), 4-O-methyl-a-D-glucuronic acid (MeGlcA), and a-L-arabinose, depending on the species (Ebringerová and Heinze, 2000) . In dicots, such as Arabidopsis, the xylan is substituted with GlcA and MeGlcA at approximately every eight xylose residues (Brown et al., 2007) . In addition, GX in Arabidopsis contains a reducing end structure consisting of 4-b-D-Xylp-(1-4)-b-D-Xylp-(1-3)-a-L-Rhap-(1-2)-a-D-GalpA-(1-4)-D-Xylp, which had previously been identified in birch and spruce (Johansson and Samuelson, 1977; Andersson et al., 1983; Pena et al., 2007) .
Several glycosyl transferases, in three different families, have now been identified that are believed to be responsible for synthesis of the xylan backbone, addition of the side chains, and the synthesis of the reducing end structure. In terms of synthesis of the xylan backbone, two GT families are implicated. IRX9 and IRX14, both members of the GT43 family, along with IRX10 and IRX10L, members of GT47, are hypothesized to be involved with synthesis of the backbone (Brown et al., 2005 (Brown et al., , 2007 Lee et al., 2007a; Pena et al., 2007; Brown et al., 2009; Wu et al., 2009) . Genes hypothesized to affect the reducing end structure include members of the GT47 and GT8 families. In the GT8 family, both IRX8 and PAR-VUS are hypothesized to function in the synthesis of the reducing end structure, although their precise role is currently unknown (Lee et al., 2007b; Pena et al., 2007) . FRA8 and FRA8 Homolog (F8H), two closely related members of the 1 To whom correspondence should be addressed. E-mail showalte@ohio.edu, fax 740-593-1130, tel. 740-593-1135 . GT47 family, are also proposed to function in the synthesis of the reducing end structure (Zhong et al., 2005; Lee et al., 2009) .
Here, we further investigate the role of IRX14 in GX biosynthesis and identify a novel drought-tolerant phenotype for irx14 mutants. In addition, we characterize a closely related gene in the GT43 family named IRX14-LIKE (IRX14L). While mutation of IRX14L results in no phenotypic differences, a double mutant of IRX14 and IRX14L is severely affected in plant growth and development and has a further reduction in glucuronoxylan as compared to a mutation in IRX14 alone. This leads to the conclusion that IRX14 and IRX14L are functionally redundant and that IRX14L also functions in GX biosynthesis, although to a lesser degree than IRX14.
RESULTS

IRX14 and IRX14L Are Two Closely Related Members of the GT43 Family
The GT43 family consists of four members in Arabidopsis (Table 1) . While two of the members, IRX9 and IRX14, were previously implicated with the synthesis of glucuronoxylan, the remaining two members have not been studied. Comparative sequence analysis of the four proteins identified that At5g67230 is a homolog of IRX14 ( Figure 1A ). The other family member, At1g27600, is more similar to IRX9. An amino acid alignment of IRX14 and At5g67230 revealed that the proteins are similar in terms of amino acid sequences with an identity of 75% and a similarity of 83% ( Figure 1B) . Because of this similarity, At5g67230 was named IRX14-LIKE (IRX14L). By comparison, IRX9 and At1g27600 have an identity and similarity of only 39 and 56%, respectively.
According to publically available microarray data from Genevestigator (www.genevestigator.ethz.ch/), the IRX14 and IRX14L genes are expressed in similar organs and tissues (Grennan, 2006) . Specifically, IRX14 and IRX14L are expressed in the same organs and tissues, but in each case, IRX14L is expressed at significantly lower levels ( Figure 1C ). Both IRX14 and IRX14L are expressed highest in stems and nodes, with slightly lower levels of expression in the root hair zone, hypocotyls, and siliques.
Characterization of T-DNA Insertion Mutants
In order to determine the function of IRX14L and to determine its relationship with IRX14, T-DNA insertion mutants were obtained for both genes (Figure 2A ). For the IRX14 gene, the SALK_038212 T-DNA insertion in the first exon of IRX14 was obtained. A T-DNA insertion in the homologous gene, IRX14L, was also obtained (SALK_066961). Plants homozygous for the T-DNA insertions were obtained for each mutant line and confirmed by PCR. Using primers located downstream of the T-DNA insert, reverse transcriptase-PCR (RT-PCR) revealed a reduction in the IRX14 and IRX14L transcripts in the mutants ( Figure 2B ). In terms of overall growth and development, neither the irx14 nor irx14L mutants show any gross phenotypic differences compared to wild-type when grown under normal conditions (Figure 3 ). 
An irx14 irx14L Double Mutant Exhibits Severely Delayed Plant Growth and Development
Because of the similarity of the sequence and expression pattern of IRX14 and IRX14L, it was hypothesized that both function in the same process, namely glucuronoxylan biosynthesis. As such, the irx14 and irx14L homozygous mutants were crossed in order to obtain an irx14 irx14L double mutant. Although both the irx14 and irx14L single mutants appear identical to wild-type, the irx14 irx14L double mutant has severely delayed growth and fails to produce an inflorescence stem ( Figure 3 ). Over the course of the first week of growth, the irx14 irx14L mutant is indistinguishable from wild-type. However, afterwards, growth of irx14 irx14L essentially ceases. In addition, plants homozygous for the mutation of IRX14 and heterozygous for IRX14L (irx14 irx14L (6)) and plants heterozygous for IRX14 and homozygous for IRX14L (irx14(6) irx14L) were examined. The irx14(6) irx14L plants also appear identical to wild-type plants, whereas the irx14 irx14L(6) plants have an intermediate phenotype.
The irx14 irx14L(6) plants are smaller overall, with noticeably smaller leaves, stems, and siliques ( Figure 3 ). The siliques of the irx14 irx14L(6) plants never fully develop, are reduced in size, and rarely contain any viable seeds.
Stems and Roots of irx14 and irx14 irx14L(6) Contain Irregular Xylem
The irx14 mutant was previously reported to have an irregular xylem phenotype in stems (Brown et al., 2007) . Stem sections from irx14 plants were obtained to confirm this phenotype ( Figure 4 ). In addition to stems, sections of roots were also (A) Four-week-old irx14 and irx14L mutants compared to wild-type.
(B) Four-week-old irx14(6) irx14L, irx14 irx14L(6), and irx14 irx14L mutants compared to wild-type.
Comparison of the leaves (C) and siliques (D) from irx14 irx14L(6) and wild-type plants.
(E) Rosette of an irx14 irx14L double mutant compared to wild-type.
obtained, as these were not previously examined. Both irx14 stems and roots contain an obvious irregularity of the xylem and the cell wall is noticeably thinner compared with wildtype. The irx14L mutants were also examined for the irregular xylem phenotype, but the xylem in this mutant was indistinguishable from wild-type plants. Because of the lack of the irx14 irx14L stems available for sectioning, the xylem in the stems of the irx14 irx14L(6) and irx14(6) irx14L were examined. While the xylem of irx14(6) irx14L was comparable to wild-type, the xylem of the irx14 irx14L(6) mutants is considerably more irregular than the irx14 single mutant, particularly in the roots. Many of the xylem vessel elements in the roots of the irx14 irx14L(6) mutant are nearly completely collapsed and are almost unrecognizable compared to wild-type.
The irx14 Mutant Exhibits a Drought-Tolerance Phenotype
The most interesting and potentially beneficial phenotypic difference of irx14 plants is drought tolerance. Water was withheld from 3-week-old irx14 and wild-type plants for 2 weeks.
In this experiment, all the wild-type plants died while all irx14 plants survived ( Figure 5A ). A leaf excision test was also performed on both irx14 and irx14L mutants in order to further quantify the drought tolerance. Leaves were removed from each mutant, weighed immediately, and weighed again after 60 min. Any weight lost was considered to be due to water lost from the leaf. In the leaf excision test, leaves from irx14 plants lost approximately 15% less water than wild-type over the course of 60 min. Water loss from irx14L plants was consistent with wild-type, suggesting that irx14L plants do not share the drought-tolerant phenotype ( Figure 5B ).
Carbohydrate Analysis of the Non-Cellulosic Cell Wall Fraction Reveals a Reduction in Xylose
Monosaccharide analysis was performed on the non-cellulosic portion of total cell wall extracted from wild-type, irx14, irx14L, irx14 irx14L(6), and irx14(6) irx14L stems ( Figure 6 ). In the irx14 mutant, the amount of xylose decreased by 24% from wild-type plants, while the irx14L mutants showed no reduction. The irx14 irx14L(6) plants showed a further reduction in xylose, a total reduction of 42% from wild-type plants. The irx14(6) irx14L mutants had a monosaccharide composition virtually identical to that of wild-type.
Xylan Immunolocalization Reveals Further Loss of GX in irx14 irx14L(6) Mutants
In order to provide further support for the role of IRX14 and IRX14L in GX biosynthesis, the LM10 monoclonal antibody to b-1,4-D-Xylan was utilized for the immunolocalization of xylan in stem sections (Figure 7 ). The LM10 antibody can recognize unsubstituted and relatively low-substituted xylans in several species, but has no cross-reactivity with wheat arabinoxylan (McCartney et al., 2005) . While irx14 mutants showed a substantial reduction in the intensity of fluorescence, the irx14 irx14L(6) mutant showed a further reduction in fluorescence indicating an additional loss of GX in this mutant. No differences from wild-type were apparent for either the irx14L or irx14(6) irx14L mutants.
DISCUSSION IRX14 and IRX14L Function Redundantly in Glucuronoxylan Biosynthesis
Although the irx14L mutant shows no phenotype on its own, a double mutant of irx14 and irx14L is severely delayed in growth and never produces an inflorescence stem under normal growth conditions. The intermediate phenotype of the irx14 irx14L(6) mutant indicates that IRX14L is also likely to be involved in glucuronoxylan biosynthesis and functionally redundant with IRX14. In every instance examined, the irx14 irx14L(6) mutant exhibits a more extreme phenotype as compared to the irx14 single mutant. The irx14 irx14L(6) plants exhibit an increased irregularity of the xylem and a further decrease in xylose in stems. These results provide additional support that both IRX14 and IRX14L function in GX biosynthesis. Because an irregular xylem phenotype is visible with irx14, but not irx14L, it appears that IRX14 plays a more important role in GX biosynthesis than IRX14L. This is consistent with the higher levels of expression in every tissue for IRX14 compared with IRX14L. Nonetheless, IRX14L is obviously playing some role or at least is capable of compensating for a loss of irx14 considering the dramatic phenotype seen in an irx14 irx14L double mutant. Particularly fascinating are the irx14(6) irx14L mutants. Despite the fact that IRX14L is completely knocked out and IRX14 is partially knocked out, these plants are still identical to wild-type in every aspect examined.
The phenotype of irx14 and irx14L is similar to the previously reported relationship between IRX10 and IRX10L (Brown et al., 2009; Wu et al., 2009 ). In both cases, mutation of one gene yields a comparatively mild irregular xylem phenotype, but a mutation in the other results in no difference from wild-type. However, a double mutant of the two genes is severely affected with respect to growth and development. Similar to IRX14 and IRX14L, IRX10 and IRX10L are proposed to function in the synthesis of the glucuronoxylan backbone (Brown et al., 2009; Wu et al., 2009) . A similar relationship was also shown for FRA8 and its homolog named F8H (Lee et al., 2009) . A fra8 mutant results in an irregular xylem phenotype, while no differences are observed in the f8h mutant; however, a fra8 f8h double mutant exhibits a much more severe phenotype.
More recently, a comprehensive study of the GT43 family has revealed that the remaining two members, IRX9 and At1g27600 (IRX9L), also exhibit a redundant relationship similar to that of IRX14 and IRX14L (Lee et al., 2010) . The findings from this independent study of IRX14 and IRX14L are in close agreement with our own. One notable exception is that our irx14 irx14L double mutant has a much more severe phenotype, which is probably the result of a different T-DNA mutant line being used for IRX14L (SALK_066961 as opposed to SALK_117947). Indeed, a second independent study, using the SALK_066961 T-DNA line, also resulted in an irx14 irx14L double mutant that failed to produce an inflorescence stem after 6 weeks of growth (Wu et al., 2010) .
Disruption of the IRX14 Gene Results in Drought Tolerance
A similar drought-tolerant phenotype as was observed for irx14 was previously reported in a mutation of the CesA8/ IRX1 gene (lew2), which encodes a glycosyl transferase involved in cellulose synthesis (Chen et al., 2005) . The drought tolerance of this mutant was attributed to an increased (A) Three-week-old plants subjected to drought conditions. Representative wild-type (left) and irx14 (right) plants are shown. (B) Water loss from leaves excised from wild-type, irx14, and irx14L plants over the course of 60 min. Bars indicate standard error (n = 5). Significant differences from wild-type plants: * P , 0.01. Figure 6 . Non-Cellulosic Sugar Composition of the Cell Walls from Wild-Type, irx14, irx14L, irx14(6) irx14L, and irx14 irx14L(6) Stems.
The irx14 and irx14 irx14L(6) stems exhibit a substantial reduction in xylose, while no changes were apparent in the cell wall fractions of irx14L or irx14(6) irx14L stems. accumulation of osmolytes, such as sugar, proline, and ABA, in the mutant due to the irregular xylem even when the plant is grown under normal (not stressed) conditions (Chen et al., 2005) . Our findings that irx14 is also drought-tolerant prompts the question of whether all irregular xylem mutants are drought-tolerant or whether this phenotype is unique to lew2 and irx14. For the lew2 mutant, expression of various stress-related genes was up-regulated as compared to wild-type. Expression of one such gene, SDR1 (Short-Chain Dehydrogenase/Reductase), was examined in irx14 mutants, but no difference was observed in expression compared to wildtype (Supplemental Figure 1) . Additionally, lew2 mutants were shown to be resistant not only to drought stress, but also to osmotic stresses, such as NaCl, mannitol, and glycerol (Chen et al., 2005) . The irx14 mutants were grown on varying concentrations of NaCl, but no enhanced tolerance compared to wildtype was observed (Supplemental Figure 2) . These results suggest that the drought tolerance seen in irx14 may be due to a different mechanism from that observed in the lew2 mutants.
Anotherpossibility toconsiderwould be a roleofstomata and guard cells in the drought-tolerance phenotype. F8H, another enzyme involved in GX biosynthesis, has been shown to be highly expressed in guard cells based on GUS staining (Lee et al., 2009 ). This suggests that GX is important for cell wall synthesis in guard cells. Certainly, a reduction in GX in the cell wall of the guard cell caused by a mutation in IRX14 could affect stomatal opening and closing and result in drought tolerance. Genes homologous to IRX14 have been identified in important crop plants such as rice, wheat, corn, and tomato. Future work could be conducted to see whether a mutation in any of these genes would also result in irregular xylem and/or a drought-tolerant phenotype. In any case, drought-tolerant plants have important implications for crop plants and society.
Complexity of GX Biosynthesis
The small size of the irx14 irx14L double mutant demonstrates the importance of GX in plant growth and development. GX is obviously vital to maintain the strength of the secondary cell wall, which is particularly important for the xylem vessel elements due to the pressure of transpiration. As with other mutants with irregular xylem phenotypes, the small size of these plants can likely be attributed to impeding water flow through the plant, preventing the plant from reaching full size.
Currently, IRX9, IRX14, IRX14L, IRX10, and IRX10L have all been suggested to be involved in the synthesis of the b-(1-4)-xylan backbone. It is currently unclear why so many enzymes are required to synthesize a relatively simple structure and whether these different enzymes are interacting with one another in a complex. The IRX9 protein was expressed in yeast and examined for xylosyltransferases activity, but none was detected (Pena et al., 2007) . However, microsomes isolated from irx9, irx14, and irx10 irx10L mutants were shown to be deficient in xylosyltransferase activity compared to wild-type microsomes (Brown et al., 2007; Lee et al., 2007a ). An attempt was also made to express FRA8, but, again, no activity was detected (Zhong et al., 2005) . As such, none of the enzymes currently thought to be involved in GX biosynthesis has been biochemically confirmed. The lack of a biochemical activity for these enzymes has led to the suggestion that multiple enzymes in a complex may be required in order to function properly. The large number of enzymes now identified for synthesis of the backbone alone tends to support this hypothesis. Not only must one consider the enzymes thought to be involved in the synthesis of the backbone, but because the pathway for GX biosynthesis is currently unknown, the enzymes thought to be involved in the addition of side chains and in the synthesis of the reducing end structure must all be considered together. Clearly, more research is needed to determine exactly how all of the enzymes function and how they may interact with one another.
METHODS
Identification of T-DNA Insertion Lines
T-DNA insertion lines were identified on the Salk Institute Genomics Analysis Laboratory (SIgNal) website While a substantial reduction in fluorescence intensity is visible for irx14, a further reduction is visible for irx14 irx14L(6). Scale bars equal 50 lm.
(http://signal.salk.edu/cgi-bin/tdnaexpress) for At4g36890 (SALK_038212) and At5g67230 (SALK_066961) and ordered from The Arabidopsis Biological Resource Center (ABRC). Homozygous plants were identified by PCR with gene-specific primers: 5'-ATAAGTAAAATTGAGGGGCGG-3' and 5'-GCTGTGG-AAGACAAGTTCTGC-3' for SALK_038212; and 5'-CTTGCTCTTCG-ACACTCTTGG-3' and 5'-ATCGATGTACGGTGTGAGGAG-3' for SALK_066961. Either LBa1 (5'-TGGTTCACGTAGTGGGCCATCG-3') or LBb1.3 (5'-ATTTTGCCGATTTCGGAAC-3') were used as the left border primer of the T-DNA insertion.
Phylogenetic Analysis
Protein sequences for IRX14 (At4g36890), IRX14L (At5g67230), IRX9 (At2g37090), and At1g27600 were obtained from The Arabidopsis Information Resource (TAIR). The four protein sequences were aligned using ClustalW (www.ebi.ac.uk/Tools/ clustalw2/index.html) and MEGA 4.0 (www.megasoftware .net/) was utilized to generate the phylogenetic tree.
RNA Extraction and RT-PCR
Total RNA was extracted from wild-type and transgenic plants using the RNeasy Plant Mini Kit (QIAGEN). RT-PCR was performed with the OneStep RT-PCR Kit (QIAGEN) as described by the manufacturer's instructions. The primers for IRX14 were 5'-ATGCGGAAGAGATGGTTTTG-3' and 5'-TTCGGATTTTCG-TTGGATGT-3'. The primers for IRX14L were 5'-GCCAATCCA-AGGTCCTAGTTG-3' and 5'-ATGATCCAGCCAGGTGGGAA-3'. The primers for SDR1 were 5'-TGATCACTGGAGGAGCCACA-GG-3' and 5'-CTCCGCTTATGTACCGCGAGTC-3'. ACTIN was used as an internal control with the following primers: 5'-GTCCT-CGACTCTGGAGATGGTGTG-3' and 5'-GTCGTACTACCGGTAT-TGTGCTCG-3'.
Sectioning
Stems and roots were obtained from 5-week-old wild-type, irx14, irx14L, irx14 irx14L(6), and irx14(6) irx14L plants. All tissues were immediately placed in SafeFix II All Purpose Fixative (Fisher Scientific). Tissues were then dehydrated through an increasing series of EtOH, cleared with xylene, and embedded in paraffin. Ten-micrometer-thick sections were obtained with a microtome. All sections were stained with toluidine blue and viewed on a Motic BA400 microscope (Motic). Images were captured with a Moticam 2300 3.0M pixel camera using the Motic Images Plus 2.0 software and processed with Adobe Photoshop (Adobe Systems).
Drought Conditions
Wild-type and irx14 plants (approximately 30 of each) were grown in soil under long-day conditions (16 h light/8 h dark) at 22°C with normal watering for 3 weeks before water was withheld. After water was withheld for approximately 2 weeks, plants were again watered and photos were taken. For the leaf excision test, leaves were excised from 3-week-old plants and weighed immediately. After 60 min, the leaves were weighed again. By comparing the initial and final weights, the amount of water lost from the leaves over the 60 min was determined.
NaCl Treatment
Wild-type and irx14 seeds were germinated on Murashige and Skoog (MS) agar plates and seedlings were grown for 5 d before being transferred to MS plates supplemented with 0, 100, 200, or 300 mM NaCl. After 5 d of growth on the NaClcontaining plates, photos were taken and the effect of the NaCl on the wild-type and irx14 plants was recorded.
Monosaccharide Analysis
Stems were obtained from 5-week-old wild-type, irx14, irx14L, irx14 irx14L(6), and irx14(6) irx14L plants grown in soil. Stems were ground to a fine powder in liquid nitrogen and extracted for 1 h twice with 70% ethanol at 70°C followed by a wash in 100% acetone. Glycosyl composition analysis of the noncellulosic cell wall fraction was performed at the Complex Carbohydrate Research Center (CCRC) in Athens, GA and also confirmed at Ohio University. Glycosyl composition analysis was performed by combined gas chromatography/mass spectrometry (GC/MS) of the per-O-trimethylsilyl (TMS) derivatives of the monosaccharide methyl glycosides produced from the sample by acidic methanolysis.
Methyl glycosides were first prepared from a dry sample by methanolysis in 1 M HCl in methanol at 80°C (18-22 h), followed by re-N-acetylation with pyridine and acetic anhydride in methanol (for detection of amino sugars). The samples were then per-O-trimethylsilylated by treatment with Tri-Sil (Pierce) at 80°C (0.5 h) (York et al., 1985; Merkle and Poppe, 1994) . GC/ MS analysis of the TMS methyl glycosides was performed on an HP 6890 GC interfaced to a 5975b MSD, using an All Tech EC-1 fused silica capillary column (30m 3 0.25 mm ID).
Xylan Immunolocalization
Stem sections were incubated with the LM10 antibody (PlantProbes) (1/20 dilution) for 1 h (McCartney et al., 2005) . The samples were washed in PBS and then incubated for 1 h with an FITC-conjugated anti-rat secondary antibody (Jackson ImmunoResearch) (1/100 dilution). The samples were visualized with a Zeiss LSM510 laser scanning confocal system (Carl Zeiss).
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